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ABSTRACT
The solubility limit of tin (Sn) in germanium (Ge) is very small, and, therefore, it is diﬃcult to synthesize high Sn concentration GeSn
crystals by conventional methods. An amorphous phase can contain elements beyond the solubility limit of the crystal state, and, therefore,
recrystallization of the amorphous alloy is one of the possible ways to realize materials far from the equilibrium state. To suppress Sn
precipitation during thermal annealing, knowledge of crystallization processes is required. In the present study, amorphous GeSn thin ﬁlms
with diﬀerent Sn concentrations were prepared by sputtering, and their crystallization processes were examined by in situ transmission
electron microscopy. It was found that the crystallization temperature decreases with increasing Sn concentration, and it became lower than the
eutectic temperature when the Sn concentration exceeded ∼25 at. %. Radial distribution function analyses revealed that phase decomposition
occurs in the amorphous state of the specimens which crystallize below the eutectic temperature, and Sn crystallites were simultaneously
precipitated with crystallization. On the other hand, no remarkable phase decomposition was detected in amorphous GeSn with <25 at. % Sn.
Sn precipitation occurred at a higher temperature than the crystallization in these specimens, and the diﬀerence between the crystallization
and Sn precipitation temperatures became large with decreasing Sn concentration. Because of the existence of this temperature diﬀerence, a
temperature window for suppressing Sn segregation existed. We demonstrated that large GeSn grains with high Sn concentration could be
realized by annealing the specimens within the temperature window.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5086480
I. INTRODUCTION
Since germanium-tin (GeSn) possesses higher carrier mobili-
ties than Si and Ge, it is anticipated as a channel material for high
performance thin ﬁlm transistors.1,2 In addition, its electronic band
structure changes from an indirect to direct gap at 6–10 at. % Sn,3–5
which is useful for optoelectronic applications and high eﬃciency
solar cells. For these applications, it is necessary to control Sn con-
centration over a wide range. However, the low solubility limit of
Sn in Ge (∼1 at. % Sn)6 gives rise to a phase decomposition of crys-
talline GeSn during heat treatments, and, therefore, much eﬀort
has been devoted to overcome this obstacle. Chemical vapor depo-
sition and molecular beam epitaxy can directly fabricate single
crystalline GeSn thin ﬁlms with high Sn concentration on
substrates and have successfully grown crystalline ﬁlms of high Sn
concentration, up to 20%, in thicknesses of up to 500 nm.7,8
Another approach to realize atomic arrangements and micro-
structures far from the equilibrium state is to utilize recrystallization
from an amorphous phase, which is easier and cheaper than chemi-
cal vapor deposition and molecular beam epitaxy. In fact, this proce-
dure has already been applied to commercial production. For
example, Fe-based soft magnetic alloys consisting of very uniform
nanocrystallites with a size of ∼10 nm, so-called FINEMET®, were
fabricated by the recrystallization of amorphous ribbons.9 Indeed,
some researchers have succeeded in fabricating GeSn with high Sn
concentration beyond the solubility limit by recrystallizing amor-
phous GeSn.10–15 Also, several researchers tried to increase the grain
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size of crystallites,10,13,16,17 in order to improve the performance of
GeSn as a thin ﬁlm transistor or solar cell. To realize large GeSn
grains with a high Sn concentration, knowledge of amorphous struc-
tures of GeSn and their crystallization processes is required.
A transmission electron microscope (TEM) equipped with a
heating holder is useful for directly observing the structural
changes during heat treatments.15,18 In addition, atomic pair-
distribution functions characterizing short-range order of amor-
phous structures can be obtained by a quantitative analysis of elec-
tron diﬀraction intensities.19–23 Because of the short wavelength of
high-energy electrons, an intensity proﬁle up to high scattering
angles is easily obtained by electron diﬀraction techniques. This is
helpful for distinguishing the atomic pairs with slightly diﬀerent
atomic distances from one another.18,20,21,24 In the present study,
we examined the amorphous structures of GeSn and their crystalli-
zation processes using in situ TEM.
II. EXPERIMENTAL PROCEDURES
Amorphous GeSn thin ﬁlms with a thickness of 40 nm were
prepared by radio frequency magnetron sputtering at a base pressure
of 3 × 10−5Pa. Thin ﬁlms with reproducible composition can be fabri-
cated by using sintered target materials. However, a Ge target along
with square Sn chips was used in the present study, because it is easier
to change Sn concentration by controlling the number of chips and is
cheaper than the sintered target. The GeSn thin ﬁlms were deposited
on a cleaved NaCl substrate at ambient temperature. The ﬁlm and
substrate were placed in distilled water, and then the ﬂoating ﬁlm was
recovered on a molybdenum grid for TEM observations. The speci-
mens were observed by a JEOL JEM-3000F (operated at 300 kV). The
Sn concentration of the as-sputtered GeSn was estimated by a
quantitative analysis of energy-dispersive x-ray spectroscopy. The
spectra were taken from several diﬀerent areas of a TEM specimen,
and it was conﬁrmed that the Sn concentration is almost the same.
This suggests that the specimens obtained here are homogeneous.
To examine the thermally-induced structural changes, the speci-
mens were annealed in a TEM using a heating holder. Table I sum-
marizes the specimens, annealing conditions, and research purpose.
Electron diﬀraction patterns were recorded on an imaging plate (Eu2
+-doped BaFBr) which has higher sensitivity, wider dynamic range,
and better linearity for electron-beam intensities compared with the
commercial TEM ﬁlm material. To evaluate short-range order of
TABLE I. Summary of the specimens used in the present study. Sn concentration is that of the as-sputtered amorphous GeSn measured by energy-dispersive x-ray
spectroscopy.
Sample
#
Sn concentration
(at. %) Annealing condition Purpose
1
2
3
4
9.1
16.4
23.9
39.6
No annealing Structural analysis of the as-sputtered amorphous GeSn
(Figs. 1 and 2)
5
6
20.8
30.3
Repeatedly annealed between RT and elevated
temperature
Thermally-induced structural changes of amorphous
GeSn (Fig. 3)
7
8
20.8
40.9
Annealed at elevated temperature and then cooled
to RT
Confirmation of Sn segregation by thermal annealing
(Fig. 4)
9 21.7 Successive annealing to confirm crystallization
and grain growth
Observation on structural evolution with increasing
annealing temperature (Fig. 5)
10
11
12
13
14
15
16
17
18
9.1
11.6
16.4
20.1
21.7
23.9
30.3
39.6
40.9
Successive annealing up to crystallization
+
Repeatedly annealed between RT and elevated
temperature after crystallization
Estimation of crystallization and Sn segregation
temperatures (Fig. 6)
19
20
21
22
11.6
20.1
25.4
39.6
Repeatedly annealed between RT and elevated
temperature
Changes of lattice parameter and Sn concentration
during thermal annealing (Fig. 7)
23
24
12.0
6.3
Annealing at a temperature window Grain growth without Sn precipitation (Figs. 8 and 9)
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amorphous structures, atomic pair-distribution functions were
obtained by a quantitative analysis of electron diﬀraction intensities.
The detailed procedures for the structural analysis have been
described elsewhere.22
III. RESULTS AND DISCUSSION
A. Amorphous structures of as-sputtered GeSn as a
function of Sn concentration
As we reported previously,25,26 the as-sputtered specimens
possessed an amorphous structure with the Sn concentration
ranging from ∼10 to ∼40 at. %. No Sn precipitation was detected,
though the Sn concentration is much larger than the solubility
limit of Sn in crystalline Ge. Figure 1 shows selected-area electron
diﬀraction patterns obtained from amorphous GeSn with (a) 9.1
and (b) 39.6 at. % Sn. It is apparent that the diameter of the second
halo ring in Fig. 1(a) is larger than that in Fig. 1(b), suggesting that
the amorphous structure is diﬀerent between these specimens. To
obtain the information of the amorphous structure, we performed
a quantitative analysis of electron diﬀraction intensities. Figure 1(c)
shows reduced interference functions, F(Q), of the as-sputtered
specimens as a function of Sn concentration. The Sn concentration
of the as-sputtered amorphous GeSn was estimated by energy-
dispersive x-ray spectroscopy. The scattering vector in reciprocal
lattice space is deﬁned as Q = 4π sin θ/λ, where θ and λ are the
scattering half-angle and the electron wavelength, respectively. For
the specimens with 9.1 and 16.4 at. % Sn, a very weak amplitude is
recorded up to high scattering angles as high as Q∼ 320 nm−1, well
above the background intensity level of the imaging plate. On the
other hand, the amplitude at the higher-scattering angle becomes
small with increasing Sn concentration. It is empirically known
that the diﬀraction intensities of metallic glasses rapidly damp with
increasing scattering angle.27–29 Based on this knowledge, we spec-
ulate that Sn atoms form covalent bonds at low concentrations,
while the metallic bonds become important at high Sn concentra-
tions. The wavelength of the F(Q) becomes short with increasing
Sn concentration, suggesting an increase of the average bond length
at the ﬁrst nearest neighbor.
Figure 2(a) shows atomic pair-distribution functions, g(r),
calculated by Fourier transforming the F(Q) of Fig. 1(c). The g(r)
FIG. 1. Selected-area electron diffraction patterns of amorphous GeSn with (a)
9.1 and (b) 39.6 at. % Sn. (c) The diameter of the second halo ring in (a) is
larger than that in (b). (c) Reduced interference functions, F(Q), of the
as-sputtered GeSn with different Sn concentrations. For viewing clarity, the
origin of each vertical axis was shifted by 10 nm−1. A very weak intensity is
detected up to the scattering vector of ∼320 nm−1, but the amplitude of the
peaks at the higher-scattering angle side rapidly damps with increasing Sn
concentration.
FIG. 2. (a) Atomic pair-distribution functions, g(r), obtained by Fourier trans-
forming the F(Q) of Fig. 1(c). For viewing clarity, the origin of each vertical axis
was shifted. (b) A magniﬁed picture of the ﬁrst peak in (a). Arrows on the
abscissa denote the bond length of Ge-Ge (0.245 nm), Ge-Sn (0.263 nm), and
Sn-Sn (0.281 nm) atomic pairs.
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shows the existence probability of atoms as a function of a distance
from the center of an arbitrary origin atom. Prominent ﬁrst
and second peaks appear at ∼0.25 and ∼0.40 nm, while the value
of g(r) converges to unity at the longer distance side, indicating
the lack of long-range order. There is no peak at ∼0.47 nm corre-
sponding to the third interatomic distance of the crystal with a
diamond structure, reproducing the features of g(r) of group IV amor-
phous semiconductors.30–35 It is apparent that the peak locations
move to the longer distance side with increasing Sn concentration.
To obtain information on chemical short-range order within the
ﬁrst coordination shell, a magniﬁed picture of the ﬁrst peak in g(r) is
shown in Fig. 2(b). The main peak of 9.1 at. % Sn specimens exists at
0.245 nm, which corresponds to the bond length of the Ge-Ge atomic
pair. In addition to this main peak, a shoulder associated with the
formation of the Ge-Sn atomic pair appears at ∼0.26 nm in the speci-
men with 16.4 at. % Sn. This shoulder becomes more pronounced
with increasing Sn concentration, and the main peak eventually shifts
to 0.263 nm in the 39.6 at. % Sn specimen. This behavior is attributed
to an increase of Ge-Sn and Sn-Sn atomic pairs within the ﬁrst coor-
dination shell. It should be noted that the g(r) around 0.30–0.32 nm
becomes large with increasing Sn concentration. This is presum-
ably due to the formation of β-Sn like metallic bonds (0.302 and
0.318 nm), in agreement with the rapid damping of the intensity
proﬁle with increasing Sn concentration [Fig. 1(c)].
B. Structural changes of amorphous GeSn on thermal
annealing
We examined the eﬀects of thermal annealing on amorphous
structures using in situ TEM in combination with a heating holder.
Figure 3(a) shows thermally-induced structural changes of amor-
phous GeSn. The annealing temperature is 230 °C for the 20.8 at. %
Sn specimen and 200 °C for the 30.3 at. % Sn one. The former and
the latter specimens crystallized at temperatures above and below
the eutectic point (231 °C) of crystalline GeSn,6 respectively, as
described later. The specimen was annealed at elevated temperature
for 10 min, and then the diﬀraction patterns were taken at room
temperature: the specimens were repeatedly annealed between
room and elevated temperatures. For comparison, the g(r) of the
as-sputtered specimen is also shown. The second peak in the g(r)
obtained from the amorphous GeSn with 20.8 at. % Sn is higher in
230 °C-annealed specimen (broken line) than in the as-sputtered
one (solid line), while the height of the ﬁrst peak is almost the
same between these specimens. A similar behavior was also
observed in structural relaxation of amorphous Si,30 and, therefore,
the changes in the g(r) of amorphous GeSn with 20.8 at. % Sn
are attributed to structural relaxation. On the other hand, the
peak height is almost the same between the as-sputtered and
200 °C-annealed amorphous GeSn with 30.3 at. % Sn. This suggests
that the annealing temperature and time are not suﬃcient to
induce remarkable structural relaxation.
Magniﬁed pictures of the ﬁrst peak are shown in Figs. 3(b)
and 3(c). No remarkable change was observed in the peak position
in the g(r) of the 20.8 at. % Sn specimen, as shown in Fig. 3(b). In
contrast, the ﬁrst peak of the 30.3 at. % Sn specimen moves to the
shorter distance side by thermal annealing [Fig. 3(c)]. This is due
to the fact that the number of atomic pairs with longer distance,
i.e., Ge-Sn and Sn-Sn, decreases within the ﬁrst coordination shell,
as presumably phase decomposition occurs in amorphous GeSn
prior to crystallization. We have recently examined the crystalliza-
tion processes of amorphous GeSn under electron-beam irradiation
and found that a weak halo ring due to Sn segregation appears in
electron diﬀraction patterns of crystallized GeSn.25 The critical con-
centration of Sn segregation under electron-induced crystallization
was ∼23 at. % Sn in the as-sputtered amorphous GeSn, which is in
agreement with the present result.
C. Thermally-induced crystallization of amorphous
GeSn
Figure 4(a) shows a selected-area electron diﬀraction pattern
of the 20.8 at. % Sn specimen taken during annealing at 250 °C.
Halo rings of the as-sputtered amorphous GeSn changed to
Debye-Scherrer rings, indicating that an amorphous-to-crystalline
phase transformation takes place at this temperature. The rings can
be indexed from the inside as 111, 220, and 311 of a diamond
structure, whereas no extra reﬂections due to a secondary phase
exist in Fig. 4(a). Figure 4(b) shows the electron diﬀraction patterns
taken at room temperature after cooling the specimen. This diﬀrac-
tion pattern is almost identical to Fig. 4(a), suggesting that Sn
atoms are incorporated substitutionally into the Ge lattice.
FIG. 3. (a) Atomic pair-distribution functions of amorphous GeSn before and
after annealing: 20.8 at. % Sn (lower) and 30.3 at. % Sn (upper). The former and
latter specimens were annealed at 230 °C and 200 °C, respectively. (b) and (c)
Magniﬁed pictures of the ﬁrst peak in (a). The location of the ﬁrst peak in (b)
does not change before and after heat treatments, whereas it moves to the
shorter distance side in (c) after thermal annealing.
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A diﬀraction pattern of the 40.9 at. % Sn specimen crystallized
at 120 °C is shown in Fig. 4(c). In addition to the Debye-Scherrer
rings due to a diamond structure, a new weak halo ring is observed
just outside the 111 ring in Fig. 4(c). The appearance of the halo
ring suggests that Sn ejected from the matrix is in a molten state
despite the fact that the temperature (120 °C) is lower than the
eutectic one (231 °C). Molten Sn presumably disperses in the nano-
scale, and it is thought to induce a melting temperature depression.
On the other hand, the Bragg spots corresponding to β-Sn appear
at room temperature [Fig. 4(d)], indicating that the liquid-to-solid
phase transformation of Sn occurs. Based on these results and
radial distribution function analyses (Fig. 3), it is diﬃcult to
suppress Sn precipitates in GeSn with >25 at. % Sn obtained by our
sample preparation techniques.
Here, the crystallization processes of GeSn with <25 at. % Sn
were investigated in more detail. Figure 5 shows the structural evo-
lution of GeSn with 21.7 at. % Sn during thermal annealing. The
specimen was successively annealed. The diﬀraction pattern reveals
halo rings, and no diﬀraction contrast is observed in the bright-ﬁ
eld TEM image of Fig. 5(a) at 240 °C: GeSn maintains its amor-
phous structure above the eutectic temperature. On the other hand,
the Debye-Scherrer rings appear in the diﬀraction pattern of the
FIG. 4. Selected-area electron diffraction patterns of crystallized GeSn with [(a)
and (b)] 20.8 and [(c) and (d)] 40.9 at. % Sn in an as-deposited state. To show
the feature of the diffraction patterns clearly, the contrast is inversed. The speci-
mens were annealed at (a) 250 and (c) 120 °C, and then cooled to [(b) and (d)]
room temperature. Debye-Scherrer rings can be indexed from the inside as 111,
220, and 311 of a diamond structure, suggesting the substitutional incorporation
of Sn atoms into Ge. No extra reﬂections associated with the secondary phase
appear in (a) and (b). A halo ring is observed just outside the 111 ring at ele-
vated temperature (c), while the Bragg spots due to β-Sn, marked with an
arrow, appear after cooling (d).
FIG. 5. A series of selected-area electron diffraction patterns and bright-ﬁeld
TEM images during thermal annealing of GeSn with 21.7 at. % Sn in the
as-sputtered state. (a) 240, (b) 260, and (c) 300 °C. The amorphous structure is
maintained at temperatures above the eutectic temperature (231 °C) in (a),
while recrystallization occurs in (b). In addition to the coalescence of grains, the
formation of molten Sn is detected in (c).
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specimen annealed at 260 °C, and diﬀraction contrast due to crys-
tallites is observed in the bright-ﬁeld image [Fig. 5(b)]. The contin-
uous ring pattern transforms to the discontinuous spot pattern by
further annealing [Fig. 5(c)], indicating the coalescence and growth
of grains. Indeed, the corresponding bright-ﬁeld image reveals the
formation of the grains with a size of >100 nm. It should be noted
that a weak halo ring is observed in the diﬀraction pattern of
Fig. 5(c), indicating that Sn ejected from the matrix exists as a
liquid. A similar behavior was also observed in the thermal crystal-
lization of 16.4 at. % Sn specimen in our previous study.26
We evaluated the onset of crystallization of our specimens by
in situ TEM. Crystallization of an amorphous material progresses
via a nucleation and growth mechanism, and, therefore, the amor-
phous and recrystallized regions coexist. The crystallization temper-
ature can be also determined by x-ray diﬀraction2,15 and Raman
spectroscopy,2 but a certain volume of crystallites is required for
their detection. TEM can directly observe the initial stage of crystal-
lization at the atomic scale, and, therefore, the crystallization tem-
perature obtained here is presumably lower than that determined
by x-ray diﬀraction and Raman spectroscopy. Figure 6 shows the
crystallization temperature as a function of Sn concentration. The
temperature was continuously raised in increments of 20–50 °C,
and the specimens were annealed at a certain temperature for
10 min. (The deviation of crystallization temperature between
Figs. 3 and 6 originates from the diﬀerence of annealing sequence.)
The crystallization temperature of amorphous Ge is 400–650 °C,36
whereas amorphous GeSn crystallizes at lower temperature than
this. It is apparent that the crystallization temperature decreases
with increasing Sn concentration. In particular, the crystallization
temperature of the specimens with >25 at. % Sn is lower than
the eutectic temperature (231 °C). Toko et al.12 succeeded in
fabricating polycrystalline GeSn with 25 at. % Sn by subjecting a
crystalline Sn/amorphous Ge bilayer ﬁlm to heat treatment at 70 °C
for 100 h. Our crystallization temperatures are higher than theirs
because the heating time in the present experiment is as short
as 10 min.
The temperature of Sn segregation is also plotted in Fig. 6. Sn
atoms were partially ejected from the matrix and a small amount of
molten Sn was formed at the initial stage of Sn segregation: the
intensity of halo rings due to molten Sn was too weak to detect. To
determine the temperature of Sn segregation, the specimens were
repeatedly annealed from room temperature to elevated tempera-
ture after the crystallization. It is apparent that the Sn segregation
occurs simultaneously with crystallization in the specimens with
>25 at. % Sn. This result is reasonable, because the phase separation
was already induced in the amorphous state of the specimens crys-
tallized below the eutectic temperature (Fig. 3). On the other hand,
the diﬀerence between crystallization and Sn segregation tempera-
tures becomes large with decreasing Sn concentration. The Sn seg-
regation temperature was also examined for crystalline GeSn grown
epitaxially on a Ge/Si substrate.37 As a result, it was found that the
Sn segregation occurs at 350 °C in crystalline GeSn with 12 at. %
Sn, which is much lower than that of amorphous GeSn with the
same Sn concentration (480 °C). This suggests that the recrystalliza-
tion of amorphous GeSn is an eﬀective method to obtain solid
solutions of GeSn.
D. Synthesis of large GeSn grains with high Sn
concentration
Figure 7 shows the lattice parameter of crystallized GeSn as a
function of annealing temperature. The legend denotes the initial
Sn concentration of the amorphous state. The electron diﬀraction
patterns were taken at room temperature after thermal annealing. Since
the camera constant of TEM was calibrated by the Debye-Scherrer
rings of polycrystalline thallium(I) chloride, the lattice parameter can
be accurately determined in nanometer units up to the third decimal
FIG. 6. Compositional dependence of crystallization (circle) and Sn segregation
(square) of amorphous GeSn. The broken line denotes the eutectic temperature
of the crystalline Ge-Sn binary system. The annealing temperature was succes-
sively raised, and the crystallization temperature was determined by the appear-
ance of Debye-Scherrer rings in the diffraction pattern. On the other hand, the
specimen was repeatedly annealed from room temperature to elevated tempera-
ture in order to detect the Sn segregation.
FIG. 7. Change of lattice parameter and Sn concentration with thermal anneal-
ing. The initial Sn concentration of amorphous GeSn is 11.6 (down-pointing tri-
angles), 20.1 (triangles), 25.4 (squares), and 39.6 at. % (circles). Open and
closed symbols denote the specimens crystallized above and below the eutectic
temperature of crystalline GeSn, respectively. A temperature window where Sn
segregation is suppressed exists in the encircled region.
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place. It is apparent that the lattice parameter of the specimens crys-
tallized below the eutectic temperature rapidly decreases after crystal-
lization, indicating that the ejection of Sn atoms from the Ge crystal
progresses with thermal annealing. Although the lattice parameter of
the 25.4 at. % Sn specimen greatly decreases just after crystallization,
its reduction becomes small at temperatures ranging from 250
to 400 °C. The small reduction in the lattice parameter was also
conﬁrmed in a similar temperature range in GeSn with 11.6 and
20.1 at. % Sn that crystallize above the eutectic temperature.
From the lattice parameter, the Sn concentration was roughly
estimated on the basis of Vegard’s law. The lattice parameter was
assumed to be 0.5658 nm for Ge and 0.6493 nm for α-Sn.
Although the Sn concentration estimated here includes some errors
because of the deviation from Vegard’s law,38 it was conﬁrmed that
our crystallized GeSn thin ﬁlms possess a Sn concentration beyond
the solubility limit of the bulk Ge-Sn binary system. Little Sn pre-
cipitation occurs just after crystallization. However, the Sn concen-
tration estimated from the lattice constant is lower than that of the
as-sputtered amorphous GeSn (see samples #19–22 in Table I), as
observed previously.25 Based on this result, it is considered that the
Ge matrix contains at least the Sn concentration estimated from
the lattice parameter. It should be noted that the change of Sn con-
centration with temperature becomes small at the temperature
range circled in Fig. 7. This suggests that there is a temperature
window where Sn segregation is suppressed.
A large amount of Sn atoms is substitutionally incorporated
into Ge with a diamond structure. However, the grain size of
GeSn crystallites was several nanometers just after crystallization
[Fig. 5(b)]: there is a possibility that the performance of GeSn will be
compromised. Takeuchi et al.39 reported that a high carrier mobility
can be realized in a polycrystalline Ge0.98Sn0.02 ﬁlm with a grain size
of 20–30 nm. We tried to increase the grain size by tuning the
annealing conditions. A GeSn thin ﬁlm with 12.0 at. % Sn in the
initial amorphous state was annealed at a temperature window
according to Fig. 6, i.e., 400 °C, for 1 h. The resultant diﬀraction
pattern is shown in Fig. 8(a). Sharp Bragg spots appear in the diﬀrac-
tion pattern, and they are overlapped with the Debye-Scherrer rings.
From the lattice parameter [0.574(2) nm: the last digit contains an
error], the Sn concentration was estimated to be ∼10 at. %.
Some of the spots indicated by arrows do not overlap the
Debye-Scherrer rings. Similar spots were also observed in pure Ge
crystallized by electron-beam irradiation,40 and, therefore, the extra
reﬂections are not caused by Sn precipitates. We have recently
found that they can be interpreted by considering planar defects,
such as twins and stacking faults.41 On a closer examination, some
spots due to β-Sn are observed just outside the 111 ring. However,
they are very few and their intensities are very weak, implying Sn
segregation is highly suppressed. The bright-ﬁeld TEM image
corresponding to the diﬀraction pattern reveals the formation of
GeSn grains with sizes of 30–50 nm [Fig. 8(b)].
FIG. 8. (a) An electron diffraction pattern and (b) bright-ﬁeld TEM image of
GeSn with 12.0 at. % Sn annealed at 400 °C for 1 h. In addition to the
Debye-Scherrer rings due to a diamond structure, sharp diffraction spots of
GeSn crystallites are observed in (a). The reﬂections marked with arrows are
caused by planar defects. The formed GeSn crystals have a size of 30–50 nm.
FIG. 9. (a) An electron diffraction pattern and (b) bright-ﬁeld TEM image of
GeSn with 6.3 at. % Sn annealed at 400 °C for 2 h. The diffraction pattern
reveals discontinuous rings due to a diamond structure. It is apparent that GeSn
crystals with a size of ∼200 nm are formed. The scale bar in the diffraction
pattern corresponds to 1/d = 5 nm−1.
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Figure 9 shows another example of the fabrication of large
GeSn grains with high Sn concentration. An amorphous GeSn thin
ﬁlm with 6.3 at. Sn% was annealed at 400 °C for 2 h. The Bragg
spots of Sn in the diﬀraction pattern are very weak, indicating that
Sn precipitation is highly suppressed. Discontinuous rings due to a
diamond structure reveal the coalescence and growth of GeSn
grains. The lattice parameter was estimated to be 0.570(5) nm,
which corresponds to a Sn concentration of ∼6 at. %. The corre-
sponding bright-ﬁeld image reveals the formation of GeSn grains
with a size of ∼200 nm. The results of Figs. 8 and 9 suggest that
large GeSn grains with high Sn concentration can be formed by
using the temperature window as in Fig. 6.
IV. CONCLUSIONS
Amorphous structures and thermally-induced structural
changes of GeSn thin ﬁlms prepared by sputtering were examined
by TEM. Radial distribution function analysis revealed that the
Ge and Sn atoms are mixed within the ﬁrst coordination shell and no
remarkable phase separation was detected in the as-sputtered amor-
phous GeSn. Prior to crystallization, structural relaxation occurred in
amorphous GeSn with <25 at. % Sn during thermal annealing. On
the other hand, Sn segregation in the amorphous matrix was detected
in the specimens with >25 at. % Sn. Crystallization temperature
decreased with increasing Sn concentration, and amorphous GeSn
eventually crystallized at temperatures lower than the eutectic temper-
ature of the Ge-Sn binary system when the Sn concentration was
beyond ∼25 at. %. In the GeSn thin ﬁlms with >25 at. % Sn, Sn pre-
cipitated simultaneously with crystallization. On the other hand, the
Sn precipitation temperature was higher than the crystallization tem-
perature in the specimens with <25 at. % Sn, and the temperature
diﬀerence became large with decreasing Sn concentration: a tempera-
ture window for suppressing the Sn segregation exists. Large GeSn
grains with high Sn concentration were successfully formed by
thermal annealing within the temperature window.
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